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Abstract
The subject of electrokinetics has received considerable interests in the field of 
membrane bioreactors (MBRs) in recent years. Electrokinetic transport mechanism 
and associated reactions have wide applications in separations and MBRs. The 
success of electrokinetic-enhanced separations would highly depend on the study 
of its conceptions, perhaps leading to opening vast research need. It is also conceiv-
able that the theoretical study of electrokinetic phenomena, especially in the MBRs, 
indeed leads to profound success in the bioreactor research, design, and operations. 
This chapter is aiming to overcome the enigma in this field of research and make 
the fundamental concepts and recent advances readily accessible to researchers and 
practitioners in membrane technologies.
Keywords: membrane bioreactor, electrokinetics, wastewater treatment, fouling, 
design
1. Introduction
1.1 Membrane bioreactors
Utilizing membrane technology in the conventional activated sludge treat-
ment process led to the development of membrane bioreactor (MBR) technology. 
Membrane improves the process by retaining the suspended solid and increasing 
the efficiency of the process. The most commonly used types of the membranes 
are ultrafiltration (UF) and microfiltration (MF) with pore sizes ranging from 
0.05 to 0.4 𝜇m , although other kinds of membranes like reverse osmosis (RO) and 
forward osmosis (FO) are also being investigated for this process. MBRs showed 
a high nutrient removal, complete biomass retention, and high quality of treated 
effluent [1]. MBR technology has been widely used in full-scale plants for municipal 
and industrial wastewater treatments. Compared to the conventional wastewater 
treatment plants, MBR showed an easier operation and a lower footprint. Based on 
the abovementioned advantages, the study of this valuable technology can lead to 
further developments.
1.2 Status of MBR research
MBR was first introduced commercially in the 1960s by Dorr-Oliver by com-
bining the UF membrane with the conventional activated sludge process [2]. 
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The development continued by changing the membranes, such as using ceramic 
membrane in the mid-1990s, followed by increasing the capacity of this technology. 
The revolution of the MBR technology occurred in the late 1980s and 1990s by the 
introduction of submerged membranes in bioreactors with the use of aeration for 
membrane fouling control, which significantly reduces the energy consumption of 
MBRs [3, 4]. With a compound annual growth rate (CAGR) of 9.5–12% for MBR 
before 2013 and 12.8% for the period of 2014–2019, more implementation of MBRs 
has been expected [2]. With the growth of the MBR industries, the factor of energy 
cost unavoidably becomes the center of the researcher’s attention recently.
During the last decades, the growth rate of the membrane’s costs enforces 
scientists to study about the improvement of the membrane properties in order to 
overcome its bottleneck. Among all researches in the field of MBRs done until now, 
fouling mitigation was the most dominant research topic [5].
1.3 Challenges and opportunities
Due to the high cost and biomass separation issues of the conventional treatment 
processes, MBR was developed to overcome the bottlenecks of the conventional 
processes. The general advantages of MBR technology over the conventional pro-
cesses are high effluent quality, low sludge production, easy construction, Small 
operational volume needed (due to the combination of the membrane filtration 
and biological treatment), low energy consumption, and low cost [6]. In treatment 
processes such as flat bioreactor and activated sludge, microalgae can be washed out 
which causes further cost to cultivate and increase the microalgae population [7]. 
Therefore, the presence of the membrane filtration in MBR technology helps this 
process to prevent the washout issue. Despite the fact that the MBR technology has 
been widely used for municipal and industrial wastewater treatment in full-scale 
plants, membrane fouling is a major challenge that hinders a wide application of 
MBRs [6]. The fouling of membranes in MBRs has received much attention as a 
result of the major role of the membrane’s life span in the performance of MBRs 
[8, 9]. As MBR has a growing market for municipal and industrial implementa-
tion, more research has been pursued to overcome the operational challenges from 
fouling. Electrokinetically assisted fouling control of MBRs is one of the novel 
techniques that will be discussed in this chapter.
2. Electrokinetic phenomena
2.1 Electrokinetic transport mechanism
Electrokinetic phenomena have broad applications in the field of separation, 
surface properties, and microchannel. Electrokinetics in membrane technology uses 
alternating-current (AC) or direct-current (DC) electric fields for fouling control and 
process intensification. As defined by Reuss in 1809, electrokinetics is a relative move-
ment of liquid and solid particles in an applied electric field [10]. In the presence of the 
electric field, charged particles will move toward the surface with the opposite charge.
Among different electrokinetic phenomena, electrophoresis (EP), electroosmo-
sis (EO), and dielectrophoresis (DEP) are the three primary transport mechanisms 
affiliated with membrane technology. The schematic illustration of these electroki-
netic phenomena is shown in Figure 1.
Electrophoresis (EP), a phenomenon in which charged particles and ions move 
through the liquid toward the electrode by a DC electric field, was first introduced 
by Reuss in 1807 [10]. Negatively charged ions and particles will move toward the 
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anode, while positive ions and particles travel toward the cathode in the presence 
of the electric field. One of the main applications of the EP is measuring the surface 
potential of particles [12].
In a similar manner, dielectrophoresis (DEP) is the movement of ions and 
charged particles in an aqueous medium. The difference between EP and DEP is 
the type of applied electric field as DEP transport is generated by AC electric field, 
whereas the movement of particles and ions by EP is only in the direction of the 
oppositely charged electrode. The variation of the magnitude and direction of AC 
electric field causes negative and positive DEP movement.
Considering a particle in a medium with a relatively lower or higher permittivity 
compared to that of the surrounding medium, when the particle has a positive rela-
tive permittivity, it will move toward the strong electric field. This dielectrophoretic 
motion is called positive DEP. However, when the surrounding medium has higher 
permittivity compared to the particle, negative DEP will happen, and particles 
will be repelled to the side of the weak electric field. The schematic figure of these 
stimuli is presented in Figure 2.
When an external electric field causes the fluid, such as water, to move through 
the solid surface, e.g., membrane, the electroosmosis (EO) stimuli will happen. In 
this case, fluid moves toward the anode or cathode which is shown in Figure 1b.
Table 1 provides a comparative study on the abovementioned electrokinetic 
phenomena. A comprehensive understanding of these movements helps a better 
prediction of the performance of the applied electric field in the MBR technology.
Figure 1. 
The concept of electrokinetic phenomena in MBR. (a) Electrophoresis, (b) electroosmosis, and 
(c) dielectrophoresis (modified from M.B. Ensano et al. [11]).
Figure 2. 
Two different dielectrophoretic movements: (a) negative DEP and (b) positive DEP (redrawn after Hawari 
et al. [13]).
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Processes EP DEP EO
Major mechanism Movement of the charged particles/
ions
Movement of the charged particles/ions Movement of the fluid
Disadvantages/
advantages
• Needs to use corrosion resistance 
electrodes [14]
• Needs PH modification [15]
• The risk of short circuit [15, 16]
• Possibility of production of toxic by 
product [14]
• Joule heating generated by electric field-effect particle movement [15] and 
properties of the feed [16]
• Higher particle speed compared to EP [17]
• Joule heating generated by electric 
field-effect particle movement [15, 18] 
and properties of the feed [16, 18]
Applications • Surface potential and streaming 
potential [12]
• Protein separation [19, 20]
• Gas sensors and detection instruments [21, 22]
• Separation of the minerals [23]
• Drain porous media [24, 25]
• Measuring surface charge of the 
porous media [26]
• Sludge dewatering [27]
Table 1. 
A comparative study of the electrokinetic phenomena.
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2.2 Electrolysis reactions and pH gradient
The chemical properties of the solution affect its electrochemical properties. The 
chemical dissolution of the electrodes, anode, and cathode and therefore the perfor-
mance of a coupled electrokinetic membrane bioreactor (Ek-MBR) are influenced 
by the pH. With the variation of pH, the coagulation ability of the released ions is 
different. The released ions from the electrodes will react with the  H + or  OH − under 
pH range of acidic (pH < 5 ) and alkaline (pH > 9 ) conditions. For example, at highly 
alkaline pH, the prominent ions released from the Al anode are  Al  (OH) 4 
−
  which 
has a poor coagulation ability. The optimal range of pH considering the coagulation 
ability is between 5 and 8.
Applied electric field to the metal in an electrolyte solution causes oxidation 
or reduction of the metals. During oxidation or reduction, ions are released into 
the solution. The ions can further change the electrochemical properties of the 
Ek-MBR. The use of metals such as iron or aluminum produces ions which can react 
as the coagulant in the solution and further decrease the fouling of the membrane. 
The mechanisms of the reactions at the anode and cathode are:
Anode
  M →  M m+ + m  e − (1)
In the solution
  M m+ + m  H 2 O → M  (OH) m + m  H 
+ (2)
Cathode
  2  H 2 O + 2  e 
+ →  H 2 + 2O  H 
−
 (3)
where M is metal,  M m+ is a metal ion, and  M  (OH) m is metal hydroxides which 
react as the coagulants.
The hydroxide ion, released around the cathode, leads to pH increment and 
alters communal behavior and the sludge properties. The pH range higher than 9 
and lower than 5 is not suitable for the microorganisms [28]. Hence, the optimal pH 
range should be considered as a main factor in the performance of Ek-MBRs.
 M  (OH) m  can neutralize the electrostatic charge of the foulants. Therefore, foulants 
can be gathered and form a big-size pollutant named flocs. With further agglomera-
tion, heavier flocs, which have a lower traveling velocity to membrane surfaces, can 
be settled by gravity. This active anode process is termed electrocoagulation, usually 
examined by iron (Fe) and aluminum (Al). The rate and the chemical properties of the 
released metal ions showed different effects on the microbial community [29]. The rate 
of released metal ions is a dependent parameter to both the applied electric field and 
the nature of the electrode. The Faraday’s law (Eq. (4)) describes this relation [30, 31]:
  n  M m+  =  
I. t ____ 
F. m
(4)
where  n  M m+  is the mole of the released metal ion, m is the number of the 
electrons in the reaction,  I is the electric current (A),  t  is the loading time of the 
electricity(s), and  F  is Faraday’s constant which is 96,485 (C/mol). As it is shown 
by Eq. (4), the electric current determines the number of anodic ions released into 
the solution. Uncontrolled amount of the released ions in the solution not only 
increases the energy cost, but it also generates extra heat which can inhibit the 
nutrient removal’s efficiency [32–34]. Determining the released amount of ions, 
chemical reaction, and pH control is hence vital for the fouling control.
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2.3 Electrical potential at solid–liquid interface
Electrical potential at the solid–liquid interface is termed zeta potential 
[35]. The zeta potential can be determined by electrophoretic measurement and 
is an indicator of the surface charge. The value of the zeta potential directly 
influences the rate, direction, and distance of travel of water, ions, and charged 
particles in an electrokinetic process. Considering a layer near the charged 
particle or membrane, a stationary layer around the charged medium will be 
created with an opposite charge. The area with dispersed charged particles, 
where it has a distance from the charged surface, is called dispersion medium, 
indicating the potential differences between the surface and the dispersed layer 
(i.e., the zeta potential). The flocculating degree of the colloids is evaluated by 
zeta potential. The higher the zeta potential, the higher stability of the colloids 
is and the higher resistance to aggregation. Zeta potential also is associated 
with membrane fouling. Zeta potential as an indicator of the electrical proper-
ties of the membrane represents the tendency of the ions to be adsorbed by the 
electrostatic forces. It also reveals the amount of electric surface charges that 
interact with their surrounding [36]. Hence, the zeta potential is an important 
parameter in controlling the fouling phenomenon.
The streaming potential is a method that can measure the zeta potential. By add-
ing electric field across the medium, particles will move toward the electrodes with 
opposite charge. The velocity or rate of their movement is a proportional parameter 
to the magnitude of the zeta potential. By measuring the velocity and using theo-
ries, scientists could measure the zeta potential of the charged surface.
3. Coupled electrokinetic membrane bioreactor (Ek-MBR)
3.1 General principles
The study on fouling of the membrane in MBRs revealed that activated sludge 
and some foulants are charged particles. This finding along with the application of 
electrostatic movement leads to a combination of electrokinetic with the existing 
MBRs and development of the electrically assisted MBRs (e.g., Ek-MBR). Electric 
field also improved the membrane permeability. With inserting a cathode and 
anode in the MBR, the charged particle and also the liquid will move due to the 
produced electrokinetic phenomena. Hence, applying electric field leads to the 
control of the movement and deposition of the foulants.
The application of electrostatic force and electrophoretic movement in the 
membrane fouling abatement goes back to 50 years ago. Figure 3 addressed the 
classification of Ek-MBR using electrokinetic phenomena either by physical or 
simultaneous physical and chemical movement.
Physical movement by electric current, including EP, DEP, and EO, has been 
used for different applications of MBRs. This movement caused by electric field 
utilizes electrostatic force for repelling the foulants from the membrane. While 
all of them use electrostatic force, they have different properties that make them 
special and suitable for different utilizations. In some Ek-MBRs, the metal used 
for electrodes along with the electrode configuration causes chemical reactions 
around the electrodes. Due to the ions released around the electrodes and the 
chemical reactions in the fluid caused by the electric field, both chemical reac-
tion and physical movements help fouling mitigation of the membrane. This 
combination of phenomena, physicochemical phenomena, is referred to as 
electrocoagulation.
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3.2 Design and operation of Ek-MBR
Due to the lack of appropriate design standards of Ek-MBR, it suffers from a high 
specific energy demand for the large-scale applications [2]. However, Ek-MBRs are 
recognized for the high quality of products and are easy to operate [37]. Therefore, 
the advantages of this technology brought about improved design for further 
developments.
3.2.1 Electrodes
The electrodes, as the main part of the electric field which are in contact with 
the sludge, are of interest of many studies. The material and the place where they 
are arranged can change the property of the electrokinetic movements and the 
efficiency of Ek-MBR. Eq. (5) shows the dependency of the strength of the electric 
field to the applied voltage and the distance between electrodes:
  E =  V __
d
(5)
where E is the electric field due to voltage gradient between anode and cathode 
(V/cm), V is the electric voltage (V), and  d is the distance between electrodes (cm).
As described by Eq. (5), the arrangement of the electrodes and the applied 
potential difference greatly affect the performance of the Ek-MBR. Studies revealed 
that the influence of electrode materials in Ek-MBRs should be considered. Al and 
Fe are the most common metals for Ek-MBRs; although some metal ions such as 
aluminum ions and iron ions can be involved in the bacterial growth, some higher 
concentration of the metal ions can have inhibitory consequences for microbial 
growth [38, 39]. Table 2 shows the comparative characteristics of these two metals.
The electrode configuration is of importance due to its influence on the electric 
distribution. In the case of submerged Ek-MBR, the electrodes should be designed 
in a way that it does not interfere with the hydrodynamic properties of the solution. 
Also, the most effective design for producing a uniform distribution with a lower 
cost and less effect on the membrane’s life span should be considered. Some of the 
membrane materials are sensitive to the electric field. Moreover, the produced heat 
can further affect the membrane’s efficiency.
In most Ek-MBRs, the membrane is placed between the electrodes. Therefore, 
the effective distance between electrodes can provide enough space for the flocs and 
the air to move freely. Besides, the oxidation or acidic effect on the microbial com-
munity should be considered for the proper distance between the electrodes [29].
Figure 3. 
Classifications of the Ek-MBR based on electrokinetic phenomena.
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Figure 4. 
Electro-cell configuration. (a) Electrode configuration in Ek-MBR and (b) membrane-electrode filtration cell 
assembly (redrawn after Hawari et al. [13]).
The corrosion of the electrodes and high risk of human electric shock led to 
developing a new configuration of the electrodes inside the membrane module. In 
order to overcome this bottleneck, using insulated electrodes with AC electric field 
was proposed.
The integrated configuration method is usually applied with the AC [16]. The 
schematic picture of this configuration is shown in Figure 4.
As it is depicted by Figure 4, the small distance between electrodes is designed 
in order to achieve high dielectric force. This configuration generally is designed for 
the DEP-assisted MBR. To attain a high electric potential and dielectric force by the 
minimal electric current, the electrodes are designed with the small distance. Based on 
Eq. (6) the DEP force for cylindrical electrode will increase with decreasing distance 
between electrodes:
  ∇  |E | 2 =  − 2  U M 
2  _______ 
 r 3  (ln 
 r 1  __ r 2 ) 
2
 
(6)
where  U M  is the voltage across medium, r is the distance between particle and 
electrode,  r 1  is the radius of central electrode, and  r 2 is the characteristic length of 
electrode configuration [13, 16, 40].
The presence of more than two electrodes was also investigated for the seawater 
treatment within an electrokinetic cell without the presence of the membrane as 
seen in Figure 5. However, this configuration can be a base study for further use in 
MBRs.
The cathode in the EP-MBRs is close to the membrane, and even it can be a 
conductive membrane which acts as a cathode. The conductive membrane was 
introduced to both simplify the design of the EP-MBRs and mitigate the membrane 
fouling. The schematic diagrams of Ek-MBRs with a conductive membrane are 
shown in Figure 6.
Iron Aluminum
Lower price Higher price
Lower toxicity Higher toxicity
Lower surface area and adsorption of soluble 
compound
Higher surface area and adsorption of soluble 
compound [11]
Table 2. 
Relative comparison of anode made of iron and aluminum.
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3.2.2 Current supply
Abroad with the development of Ek-MBR, the role of the applied electric field 
on the Ek-MBR performance has been studied by researchers. Significant con-
sideration has been made on the fouling suppression caused by applied external 
electric field with both alternative current (AC) and direct current (DC). 
Recently, the effect of the applied electric field on the microbial community is 
also considered in order to shed light on the metabolism of the microorganisms 
at the presence of either AC or DC electric field. The use of potential energy of 
both wastewater and organic compound of the waste and converting this chemi-
cal energy are an in situ utilization of potential energy. This integrated process is 
called microbial fuel cell (MFC). To sum up, the electric field provided by either 
Figure 5. 
Electrode configurations in the electrokinetic batch cells: (a) anode–cathode, (b) anode–cathode–cathode–
anode, and (c) cylindrical (redrawn after Abdulkarem et al. [41]).
Figure 6. 
Electrode configurations with the conductive membrane.
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10
AC, DC, or chemical energy of the feed, which is a mostly organic compound, 
showed different processes which are developed due to their importance in the 
field of the Ek-MBR, and we will discuss them in this section.
3.2.3 Direct current
The use of direct current for improving membrane fouling and changing the prop-
erties of the sludge attracts considerable attention [42]. One of the main concerns 
with applying direct electric field is the cost. The other major concern is about the 
corrosion of the oxidation of the electrodes due to oxidation caused by direct current. 
In order to overcome these concerns, intermittent direct current was introduced.
3.2.4 Intermittent direct current
On and off electric field or intermittent electric field introduced to maintain the 
pH level recommended for the microorganism [28]. In order to examine the effect 
of the intermittent electric field on the performance and the fouling of the mem-
brane, the permeate flux of the membrane during the process as well as the organic 
compound of the effluent should be measured. On and off period of 1990s for UF 
membrane revealed that the flux can be recovered during on period. However, the 
flux declined in the off period [43]. This recovery suggested that in order to reduce 
the energy cost of the Ek-MBRs with the same efficiency, the suitable intermittent 
current can be an option for this process. Further investigation for desired electric 
voltage and intermittence of the exposure time of the DC field admitted that a volt-
age gradient of 1 V/cm and a mode of 15 min on/45 min off of DC supply were the 
best mode for maintaining pH level between 5 and 9 for the submerged MBRs [29]. 
This mode led to 16.3% reduction of the fouling rate of the membrane. Therefore, 
this mode became a preferred mode for the following studies.
3.2.5 Alternative current
The heat generated by direct current followed by changing properties of the feed, 
sludge, and also hydrolysis of water in aqueous solution with a high conductivity as 
1 mS/cm led to the development of another method which uses alternative current for 
fouling suppression [44]. The use of alternative electric field along with DC electric 
field has been studied in recent years [45–48]. The lower cost of the alternative elec-
tric current compared with the direct current encouraged researchers to investigate 
this process as well. This process was first studied in the lab scale without the mem-
brane but with further development on its application in the membrane area. The 
main concept of the phenomena which happened in this situation is defined by DEP.
3.2.6 Aeration
Sustaining microbial community in MBR is a vital issue in MBR technology. 
In order to provide oxygen for biomass, keeping activated sludge in suspension 
and fouling suppression aeration technique have been developed. The shear stress 
provided by moving bubbles around the surface of the membrane has a critical role 
in fouling control. However, the cost of aeration or air scouring in MBR was about 
50% of the total operation cost. This led to the design optimization of the aeration, 
including the aeration rate, bubble size, and aeration modes [5].
Intermittent aeration mode was one of the proposed modes to decreasing the energy 
cost. Fan and Zhou investigated the interrelation between aeration rate and fouling of 
the membrane. They observed that cyclic aeration (10 s on and 10 s off) reduced the 
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cost of energy to 50% while showing a similar fouling rate [49]. The studies of large-
scale MBRs stablished the influence of the aeration on the improved performance of the 
MBRs [50]. Both manual aeration and automatic aeration enhance nutrient removal, 
fouling control, and energy saving. To sum up, the main design studies in this field are 
focused on the aeration rate that had been optimized for different processes.
3.3 Applications of Ek-MBR
Membrane bioreactor (MBR) technology is a mature technology and has been 
widely used both in municipal and industrial wastewater treatment. However, 
membrane fouling is a major challenge that limits the wide application of MBR 
technology. By integrating the electricity with the MBRs, new approaches for 
electrically enhanced fouling control have been created, and electrically enhanced 
process performance has been achieved. With the assistance of the electric field and 
improved fouling mitigation and process performance, Ek-MBR has become more 
favorable for both municipal and industrial wastewater treatment.
Examples on the application of the Ek-MBR include the oily wastewater treat-
ment [51], nutrient removal [52, 53], removal of heavy metals [54], and organic 
compound removal [55]. Negative DEP usually is favorable to biological wastewater 
reactors. The particles in wastewater generally have lower permittivity than the 
medium. Therefore, it is considered suitable for wastewater treatment. Ek-MBR 
with the conductive membranes has been researched for yeast suspension [56, 57] 
and wastewater applications [58] as well.
One example on the electrically enhanced performance of Ek-MBR is a simul-
taneous biodegradation, electrocoagulation, electro-sedimentation, and filtration 
to reduce membrane fouling and improve COD and nutrient (P) removal [59]. 
Another example is the integration of microbial fuel cell (MFC) with the MBR 
technology for bioelectricity generation [60]. Traditionally, the MFC technology is 
used for bioelectricity generation and characterized with poor effluent quality, due 
to the limited biomass in MFC. By integrating the MFC and the MBR technology, 
a synergy of the advantages of both MFC and MBR can be achieved simultane-
ously and increase the biomass concentration significantly for biodegradation. 
Furthermore, it can overcome the disadvantages of both technologies. Thus, the 
MFC-MBR technology can purify wastewater and generate electricity at the same 
time with a high efficiency.
4. Conclusion
Given the advantages of the MBR in this chapter, it is quite predictable that this 
fast-growing technology improves its performance in the case of permeability and 
energy costs. As the fouling is the major problem with MBRs, the Ek-MBR was 
proposed that showed better performance. However, further development in design 
parameters of an Ek-MBR such as electrode configuration and material, aeration, 
and current supply can inevitably enhance the cost and performance efficiency of 
this valuable technology. On the basis of the points mentioned above, it would seem 
that the Ek-MBR can be scaled up for the industrial applications.
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